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AGING REDUCES 
POSTISCHEMIC RECOVERY 
OF CORONARY 
ENDOTHELIAL FUNCTION 
The aging process is known to be associated with profound changes in the 
heart. To determine whether resistance of coronary endothelial and vascu- 
lar smooth muscle function to ischemia may be related to age, four groups 
of rats (n = 6 in each group) of different ages (1, 5, 15, and 26 months) were 
subjected to cardioplegic arrest for 4 hours at 4 ° C. The postischemic basal 
release of nitric oxide by endothelium, as assessed by the percentage loss of 
coronary flow in response to 0.5 mmol/L L-monomethylarginine, an inhib- 
itor of nitric oxide synthase, was as follows: (mean -. standard error of the 
mean): 87.1% + 1.7%, 81.2% -- 2.3%, 79.6% _+ 1.9%, and 74.9% -_+ 2.4% in 
groups 1, 2, 3, and 4, respectively. Stimulated release of nitric oxide, as 
assessed by percentage increase of coronary flow to 10 -» mmol/L 5-hy- 
droxytryptamine, an endothelium-dependent vasodilator, was as follows 
(mean -- standard error of the mean): 88.3% + 1.5%, 83.4% -- 2.4%, 
71.1% +- 2.7%, and 63.1% - 3.3% in groups 1, 2, 3, and 4, respectively. 
Significant differences were found between each group (p < 0.05) for both 
basal and stimulated release of nitric oxide. Vascular smooth muscle 
function, as assessed by the percentage increase in coronary flow in 
response to glyceryl trinitrate, an endothelium-independent vasodilator, 
was (mean -. standard error of the mean): 96.7% __ 2.1%, 92.3% - 5.2%, 
92.9% -+ 5.0%, and 98.1% - 2.4% in groups 1, 2, 3, and 4 respectively. No 
significant difference was found between groups (p = not significant). In a 
protoeol mimicking conditions for transplantation, the postischemic recov- 
ery of the basal and stimulated release of nitric oxide, but not vascular 
smooth muscle function, diminished with age. (J THORAC CARDIOVASC SUNG 
1996;111:238-45) 
Mohamed Amrani, MD, Adrian H. Chester, PhD, Jay Jayakumar, MB, and 
Magdi H. Yacoub, FRCS, Harefield, United Kingdom 
T he aging process is known to elicit chemical and functional changes in the heart. 1These changes 
can affect one or more of the cellular components. 
Cardiac contractility, that is, myocardial function, is 
known to show differential vulnerability to ischemia 
with aging. 2 This change could be related to meta- 
bolic, physiologic, and ultrastructural alterations 
that accompany the aging process. 3-7 
Coronary endothelium constitutes a complex dy- 
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namic organ with diverse functions, which include 
the synthesis and release of vasoactive substances) 
Basal secretion of one of these substances, nitric 
oxide, 9 has been shown to be essential for mainte- 
nance of coronary tone and mechanical function. 1° 
Although this emphasizes the need to integrate 
factors influencing coronary tone in the strategy of 
myocardial preservation, little is known about the 
influence of age on the capacity of endothelial 
function (EF) for recovery after ischemia. The pur- 
pose of this study was to investigate the influence of 
age on the recovery of basal and stimulated release 
of nitric oxide by the endothelium after prolonged 
cardioplegic arrest. 
Materials and methods 
Animals. Male Sprague-Dawley rats were used in all 
experiments. Six hearts were studied in each group. In all 
studies, animals received humane care in compliance with 
the "Principles of Laboratory Animal Care" formulated 
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Fig. 1. Experimental time course. Analog tracing showing the sequence of perfu'sion and the variation of 
coronary flow (ml/L) before (A) and after (B) ischemia. K, Krebs solution. Triangle represents onset of 
cardioplegic arrest. 
by the National Society for Medical Research and the 
ù Guide for the Care and Use of Laboratory Animals" 
prepared by the Institute ofLaboratory Animal Resources 
and published by the National Institutes of Health (NIH 
publication No. 80-23, revised 1978). Animals were cho- 
sen from four age groups: group 1, l month; group 2, 5 
months; group 3, 15 months; and group 4, 26 months. 
Experimental preparation. The isolated rat heart prep- 
aration used in this study has already been described in 
detail elsewhere. 11Briefly, in this preparation of the left 
side of the heart oxygenated Krebs-Henseleit bicar- 
bonate buffer (118 mmol/L sodium chloride, 25 mmol/L 
sodium bicarbonate, 4.75 mmol/L potassium Chloride, 
1.19 mmol/L magnesium sulfate, 1.18 mmol/L potassium 
phosphate, and 2.5 mmol/L calcium chloride), pH 7.4, 
containing 11.1 mmol/L glucose and gassed with 95% 
oxygen and 5% carbon dioxide at 37 ° C, flows from a 
reservoir 100 cm above the heart. With this preparation, 
which is essentially the Langendorff perfusion method, the 
heart continues to beat but does not perform external 
work. 
Ischemic ardiac arrest may be produced by clamping 
the aortic cannula. At this time, a cardioplegic solution is 
infused into a side arm of the aortic cannula. During the 
ischemic period, the heart is maintained under hypother- 
mia (4 ° C) by a cooling circuit. 
Chemieals. St. Thomas' Hospital cardioplegic sõlution 
No. 1, which was supplied as a concentrate (David Bull 
LaboratorieS, Mulgrave, Victoria, Australia), was diluted 
in Ringer's solution (Travenol Laboratories, Thetfolk, 
U.K.) and passed through a0.2/xm filter (Pall Biomedical, 
Glen Cove, N.Y.). L-Monomethylarginine (L-NMMA) 
(Wellcome PLC, Londoni U.K:), glyceryl trinitrate (GTN; 
David Bull) and 5-hydroxytryptamine (5-HT) (Sigma, 
Poole, U.K.) were diluted in Krebs solution. 
Endothelial and vaseular smooth mnsele studies. En- 
dothelial a~d vascular Smooth muscle functions were 
assessed through observations on preischemic and post- 
ischemic oronary flow responses to 5-HT and GTN (15 
mg/L)j2, 13 After excision of the heart and aortic cannu- 
lation, Langendorff perfusion was initiated at 37 ° C. Cor- 
onary flow was monitored by an in-line electromagnetic 
flow probe (ECM2 20 tal; Scalar, Delft, Holland), proxi- 
mal to the aortic cannula and connected to its compatible 
flowmeter (MDL 1401; Scalar). This provided an accurate 
(0.0 to 40.0 tal/min) digital readout of mean coronary flow 
and simultaneous hard-copy recording (Fig. 1) through 
connection with a chart recorder (series 3000; Gould 
Electronics, Hainault, U.K.), which allowed aecurate 
monitoring of steady-state conditions (less than 0.3 
tal/min change in coronary flow during a 3-minute 
period). Our protocol for this test had been determined in
earlier studies. 13 Inhibition of basal secretion Of nitric 
oxide was assessed by  L-NMMA (500 /xm), a specific 
inhibitor of nitric oxide secretion, as described else- 
where] °
Experimental time course. The animals were anesthe- 
tized with hal0thane mixed with 95% oxygen plus 5% 
carbon dioxide. The femoral vein was exposed and hepa- 
rin (200 IU) was injected. One minute later, the heart was 
excised and immediately placed in cold (10°C) Krebs 
buffer. Approximately 30 seconds later, the aorta was 
cannulated and Langendorff perfusion was initiated for 10 
minutes to allow steady coronary flow to be reached. In 
the first series (n = 6 in each age group), hearts were 
perfused with 5-HT and then washed out with Krebs 
buffer. This was followed by perfusion with GTN and a 
washout peri0d with Krebs buffer. 
The hearts were subjected to a 10 ml hypothermic 
(4 ° C) coronary infusion with St Thomas' Hospital No. 1 
solution and then maintained in a state of hypothermic 
ischemic arrest immersed in the same solution for 4 hours 
at 4 ° C. After the ischemic period, hearts were subjected 
to the same sequence of perfusion (Fig. 1). In the second 
series, hearts were perfused by Krebs solution and then 
L-NMMA, then washed out with Krebs solution during 
both preisehemic and postischemic periods. During per- 
fusion with any substance, steady coronary flow whs 
allowed to be reached before further perfusion was initi- 
ated. 1» 
Expression of results. Coronary flow was expressed in 
milliliters per minute. The inhibitory effect of L-NMMA 
was expressed as a percentage of loss of steady coronary 
flow. The vasodilatory responses to 5-HT and GTN were 
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Table I. Influence of age on preischemic and 
poslischemic recovery of coronary flow 
Age Preischemic CF Postischemic CF Recovery (% of 
(months) (tal~min) (tal/min) preischemic value) 
1 9,4 -- 0.8 8.9 + 0.6* 94.6 ± 1.3 
5 12.8 -+ 1.0 11.4 + 0.9* 89.4 + 2.0 
15 13.5 + 0.7 11.8 ± 1.2? 81.3 _+ 1,6 
26 14.7 + 0.4 11.2 + 1.1" 76.1 + 1,8 
Each value represents he mean of six hearts +_ SEM. 
A significant difference was shown between each age group and between 
pre~schemic and postischemic values in each age group. During the 
preischemic and postischemic periods, p < 0.05 between each group. CF, 
Coronary flow. 
~p < 0.05 between preischemic and postischemic periods. 
?p < 0.02 between preischemic and postischemic periods. 
expressed as a Percentage of change in the baseline 
coronary flo w. Postischemic recovery of response to 5-HT 
and GTN was expressed as a percentage of individual 
preischemic control response. The postischemic recovery 
of coronary flow was eXpressed as the percentage of the 
preischemic value. Data were compared by analysis of 
variance whenever significance was indicated; Scheffe's 
test for multiple comparison was used for comparisons 
between groups. Significance was assumed when p was 
less than 0.05. Values were given as mean ~_ standard 
error of the mean [SEM]. 
Results 
The influence of aging on preischemic and post- 
ischemic coronary flow is shown in Table I. The 
recoveries (expressed as mean percentage of the 
preischemic value ___ SEM) were as follows: 
94.6°A ~_ 1.3%, 89.4% -~ 2.0%. 81.3% ___ 1.6%, and 
76.1% ~- 1.8% at 1.5. 15. and 26 months, respec- 
tively. A significant difference was found between 
each group and between the preischemic and post- 
ischemic period for each group (Table I). 
The influence of age on preischemic and postisch- 
emic basal and stimulated release of nitric oxide, as 
assessed by the inhibitory effect of L-NMMA on 
coronary flow (percentage of loss of steady coronary 
flow) and by the vasodilatory response to 5-HT. is 
shown in Fig. 2 (A). The recoveries of basal release 
(expressed as mean percentage of the preischemic 
response to L-NMMA ~ SEM) were as follows: 
87.1% ~_ 1.7%. 81.2% ~ 2.3%, 79.6% + 1.9%. and 
74.9°A + 2.4% at 1.5. 15. and 26 months, respec- 
tively. The recoveries of stimulated release of nitric 
oxide t expressed as mean percentage of the pre- 
ischemic response of coronary flow to 5-HT ~- 
SEM) were as follows: 88,3% _~ 1.5%. 83.4% + 
2.4%. 71.1% ~ 2.7%. and 63.1% ~ 3.3% in groups 
1, 2, 3~ and 4, respectively. Recovery of both basal 
and stimulated release of nitric oxide displayed a 
significant difference between each age group (Fig. 
2, B). 
Preischemic and postischemic response of coro- 
nary flow to GTN is shown in Fig. 3 (A). The 
recoveries of vascular smooth muscle function (ex- 
pressed as mean percentage of the preischemic 
response of coronary flow to GTN) were as follows: 
96.7% _+ 2.1%, 92.3% _+ 5.2%, 92.9% + 5.0%, and 
98.1% + 2A% (Fig. 3, B). No significant difference 
was found between each age group (p = not signif- 
icant). 
DiseuSsion 
This study sh0wed that after prolonged eardiople- 
gic arrest the capaeity to recover eoronary flow, as 
well as the basal and stimulated release of nitric 
oxide, deereases with age. In contrast, the postiseh- 
emie recovery of vascular smooth musele function is 
not altered with age. 
The aging process is known to induee profound 
physiologie, ultrastruetural, and bioehemical alter- 
ations in the cardiac myocyte. These inelude de- 
ereased äetivity of the ealcium pump, 3' 4 impairment 
of the coup!ing of receptors to adenylate yelase, 5 
reduction of the fast isoform of myosin, 6 and a 
diminution in high-energy phosphate levels] These 
changes could explain the differential suseeptibility 
of mechanical function to ischemia with aging. 2
During the last decade, eoronary endothelial eells 
have been found to play a major role in eardiac 
homeostasis beeause of their ability to secrete vari- 
ous vasoaetive substanees, s ineluding nitric oxide. 9 
Basal seeretion of nitrie oxide is known to be of 
erueial importanee in the maintenance of eardiae 
contraetility. 1°
In this study, we found that endothelial function, 
reflected by basal and stimulated release of nitrie 
oxide, showed age-dependent vulnerability to iseh- 
emia. We examined the effect of L-NMMA, an 
inhibitor of the produetion of nitric oxide from 
L-arginine, on basal coronary flow. We also investi- 
gated the effect of release of nitric oxide stimulated 
by 5-HT on steady coronary flow. Postisehemie 
recovery of basal release of nitric oxide dropped 
signifieantly, from 87% in the young age group to 
79% in the middle-aged animals and 74% in the old 
age group. The same trend was foilowed by the 
stimulated release of nitrie oxide: the postischemie 
recovery was redu¢ed frorn 88% in the young age 
group to 71% in the middle-aged group, and it 
dr0pped further to 63% in the oldest group. The 
eause of this age-related change in the eapaeity of 
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Fig. 2. A, Influence of age on preischemic and postischemic responses to 5-HT and to L-NMMA. Each bar 
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endothelial cells for recovery of endothelial function 
after ischemia is not known. 
This change could be caused by functional or 
structural lterations. The latter is unlikely to be the 
cause because the vasodilatory esponse to 5-HT is 
known to occur only when endothelial cells are 
morphologically intact. 12 In the presence of endo- 
thelial damage, 5-HT causes vasoconstriction by 
direct effect on smooth-muscle 5-HT receptors. This 
effect was not observed in any of the hearts exam- 
ined in this study. In addition, potential mechanisms 
involving platelets or leukocyte interactions can be 
ruled out in the asanguineous model we used. The 
observed increased susceptibility of endothelial 
function to ischemia with age is therefore most 
probably caused by functional cellular disturbances 
that lead to a reduced capacity of endothelial cells 
for secretion of nitric oxide with age. 
Superoxide anion generated after ischemia is 
known to reduce nitric oxide. 14 More recently, in 
vitro studies have shown that oxygen free radicals 
selectively alter receptor-dependent nitric oxide 
production by the coronary endothelium. 15 In addi- 
tion, aging is known to be associated with a de- 
creased capacity for scavenging of free radicals. 16 
This age-dependent susceptibility to free radicals 
has even been advocated as one of the main mech- 
anisms of the aging process. 17 Moreover, endothe- 
lial cells are thought o be an important site of 
production of oxygen free radicals through xanthine 
oxidase catalyzed-reactions. 18 The reduction of 
free-radical scavengers with aging, combined with 
the ischemia nd reperfusion-induced production of 
free radicals, could therefore xplain the age-related 
vulnerability of endothelial function after ischemia. 
The vaScular smooth muscle function did not 
display any modification at different animal ages. 
Our findings uggest that recovery of the contractile 
machinery after prolonged cardioplegic arrest is not 
modified by aging. 
We observed that low coronary reflow was more 
marked in the older animals, a difference probably 
related to the measured lower basal secretion of 
nitric oxide in these animals. The crucial role of 
nitric oxide in cardiac mechanical function 1° and the 
importance of low reflow on the postischemic recov- 
ery of mechanical function have been shown previ- 
ously. 19 Age-related ifferences in tolerance to isch- 
emia of mechanical function have been reported in 
numerous tudies. 2'7'2° From most of the experi- 
mental data, it appears that neonatal hearts are 
more resistant to ischemia. This resistance has been 
attributed chiefly to greater potential for glycolytic 
flux 21 and to reduced calcium transport dysfunc- 
tion. 3'4 In addition, it has been shown that the 
enzyme 5'-nucleotidase, which plays a predominant 
role in the degradation of adenosine triphosphate 
during ischemia in adult heart, is relatively deficient 
in the immature heart. 22' 23 This deficiency would 
confer a natural protection by reducing the loss of 
high-energy substrates and by reducing free radical- 
mediated injury because the terminal compounds of 
the breakdown of adenosine triphosphate are sub- 
strates for xanthine oxidase. This latter mechanism 
is of particular relevance for the postischemic recov- 
ery of endothelial function, in which xanthine-oxi- 
dase plays a crucial role. 18' 24 
Other studies have demonstrated from function- 
al, 25 biochemical, 26 and anatomic 27data, however, 
that immature hearts are actually more vulnerable 
to ischemia. The lack of uniformity in the experi- 
mental protocols (species, temperature of preserva- 
tion, length of ischemia, volume of cardioplegia, 
crystalloid or blood perfusion model) could explain 
this discrepancy. The exact age ranges tudied could 
also be of paramount importance. Indeed, early 
after birth, as the number of mitochondria increases, 
the dependence of the immature heart on anaerobic 
metabolism lessens. 2s This "critical moment" could 
vary from species to species and could also apply to 
the deficiency in 5'-nucleotidase activity. Lack of 
precision in the definition of experimental age 
groups could therefore lead to dramatic differences 
in the interpretation f results. 
Our study was performed in an asanguineous 
model. Although this has the advantage of avoiding 
the confounding factors of the effects of blood 
elements and cardiopulmonary bypass, it has its own 
limitations. These include the fact that there is 
maximal vasodilatation in this model, and it could be 
argued that this state does not reflect the global 
situation that occurs in the clinical setting, which 
could be complex. Vasoconstricting a ents are re- 
leased from several sources during cardiopulmonary 
bypass. Platelet activation during extracorporeal cir- 
culation induces the release of serotonin and throm- 
boxane A 2 into the plasma. 29 Although vasodilating 
agents uch as prostacyclin and prostaglandin E aare 
also released uring cardiopulmonary b pass, the 
level falls later when some blood passes through the 
lung. 3° In addition, thromboxane A 2 reaches peak 
levels as the lungs are perfused. The final tendency 
would be toward vasoconstriction. Moreover, hemo- 
lysis during cardiopulmonary b pass generates free 
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hemoglobin. 31 Free hemoglobin is known to be a 
potent inactivator of nitric oxide. 32 Furthermore, com- 
plement activation is initiated by the contact of plasma 
with the foreign surface and leads to the production of 
powerful anaphylatoxins (C3a and C5a), which in- 
crease vascular permeability, cause smooth muscle 
contraction, mediate leukocyte chemotaxis, and facili- 
tate neutrophil aggregation. 33'34 Activated neutrophils 
are important sources of free radicals, 35 which are 
known to inactivate nitric oxide. 14 
In conclusion, our study has shown an age-related 
vulnerability of endothelial function after prolonged 
cardioplegic arrest. In light of our previous work, 1° 
we believe that this could be another mechanism 
through which the resistance of cardiac contractility 
to ischemia is reduced by age. Consideration of this 
mechanism could have important physiologic and 
possibly therapeutic implications. 
We thank Mr. A. J. Amrani for his help with the 
statistical analysis. 
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